Motivation: Although high-throughput sequencing methods have been proposed to identify splicing branch points in the human genome, these methods can only detect a small fraction of the branch points subject to the sequencing depth, experimental cost and the expression level of the mRNA. An accurate computational model for branch point prediction is therefore an ongoing objective in human genome research. Results: We here propose a novel branch point prediction algorithm that utilizes information on the branch point sequence and the polypyrimidine tract. Using experimentally validated data, we demonstrate that our proposed method outperforms existing methods. Availability and implementation: https://github.
Introduction
Eukaryotic pre-mRNA splicing involves a set of reactions catalyzed by the spliceosome, a protein complex consisting of five small nuclear ribonucleoproteins (the U1, U2, U4, U5 and U6 snRNPs) and hundreds of other proteins (Burge et al., 1999; Jurica and Moore, 2002) . Through alternative splicing, the transcription of a gene can generate multiple isoforms by selectively expressing different exon sequences, which thereby contributes significantly to proteome complexity in metazoan (Graveley, 2001; Maniatis and Tasic, 2002) . Recent studies suggest that 'spliceosomal mutations' can result in cancer-specific mis-splicing, which can be therapeutically exploited using compounds that influence the splicing process (Dvinge et al., 2016) . The importance of splicing is also illustrated by the fact that more than 200 human diseases arise from the disruption of splicing by mutations either in the splicing sites or in the cis-acting splicing regulatory sites (Cieply and Carstens, 2015; Chabot and Shkreta, 2016) .
A key step in determining the intron and exon to be spliced out or retained is the recognition of the branch point sequence (BPS) by the ribonucleoprotein U2 snRNP. The conserved GTAGTA hexanucleotide in U2 snRNA can base-pair with the BPS, forcing the branch point adenosine to flip out and form a bulge between the fifth and the sixth base. This initiates a nucleophilic attack at the intronic 5 splice site, thus starting the first of the two transesterification reactions that mediate splicing. Recently, researchers have attempted to identify branch points (BPs) by high-throughput sequencing approach (Bitton et al., 2014; Mercer et al., 2015) , in which the intronic lariats were first enriched, and then sequenced to identify the position of the human BPs. However, due to the quick degradation of the lariat structure in the nucleus (Moore, 2002) , Original Paper these sequencing methods can only detect a small fraction of the lariats given the moderate sequencing depth. In theory, these sequencing methods also cannot identify the BPs for tissue-specific genes or genes with low expression level. For example, Mercer et al. (2015) only identified 59 359 high-confidence BPs out of a total of $300 000 human introns. Efficient computational tools for human BP prediction would greatly facilitate human genome research. However, in silico, the identification of human BPs is rather challenging, mainly because human BPSs are highly variable and extremely degenerate. BPs have been successfully predicted in fungal species based on the Hamming distance of the BPS to the U2-complementary sequence (Kupfer et al., 2004) , whereas this approach has proven insufficient for human genomes (Corvelo et al., 2010) . Corvelo et al. (2010) introduced SVM-BPfinder, a method utilizing Support Vector Machines to predict human BPs using a set of high-confidence putative BPSs based on conservation and positional bias across seven mammalian species. SVM-BPfinder performs very well for introns with BPS containing a 'TNA' structure but it is unable to predict non-canonical BPS without the 'TNA' structure. HSF is an online bioinformatics tool to predict the effects of mutations on splicing signals (Desmet et al., 2009) . It can identify BPS based on a position weight matrix (PWM) from the consensus sequence YNYCRAY. However, the lack of a standalone version limits its wider application.
In this article, we present a novel branch point prediction (BPP) method, integrating the characteristics of BPS and polypyrimidine tract. Our method is innovative in two aspects: (i) by pre-processing the raw data and selecting a suitable start point, degenerate BPS motif in human can be inferred using the mixture model (MM), a popular motif inference method; and (ii) using relative frequencies for different nucleotides instead of the most commonly used arbitrary scores to represent the effects of polypyrimidine tract (PPT). Our model not only estimates the affinity between the protein and the PPT, but also considers the co-evolution between the protein and the binding sequences. Using a set of experimentally validated data, we demonstrate that BPP outperforms previously published methods and thus provides a promising alternative method for BPP for human genome study.
Materials and methods

Training dataset for BPS motif inference and octanucleotide enrichment
Firstly, all of the human intron coordinates from the UCSC Genome Browser table were obtained and the intron sequences were extracted. Then the introns used in the testing dataset (introns verified experimentally or by high-throughput sequencing) were removed. Finally, the remaining introns longer than 300 bp were kept to be the training dataset (223 606 introns).
Inferring the energy motif of a BPS
According to Stormo and Fields (1998) and Granek and Clarke (2005) , an element in PWM can be interpreted as the contribution of the corresponding base to the relative free energy of the motif. For each position j, we botain a set of equations:
where b 2 {A,C,G,T}, j ¼ 1; . . . ; L and L is the length of the motif, R is the gas constant, T is the temperature, f jb is the observed frequency of base b at position j and p b is the background probability of base b. Here T ¼ 300 K is used, and p b is the statistical frequency based on a 50 nt segment located 300 nt upstream of all introns, chosen because no general splicing element is reported in this segment. The program RNAcofold from the Vienna RNA package (Hofacker et al., 1994) was used to calculate the binding free energy between a heptanucleotide and the U2 snRNA. Specifically, heptanucleotides with a fixed base b at position j were forced to undergo a complete pairing with nucleotides (GTAGTA) from the U2 snRNA, with the exception of the BP adenosine, which was forced not to pair with any nucleotide. The average free energy of all of these heptanucleotides was represented as the relative free energy contribution from b at position j. Because DG; R; T and p b are known, f jb was calculated using Equation (1) and normalized by forcing the sum to be unity.
2.3 Updating the motif of BPS using MM 2.3.1 Mixture model and expectation maximization algorithm The expectation maximization (EM) algorithm searches for maximum likelihood estimates of the parameters of a finite MM, generating a given dataset of sequences (Bailey et al., 1994) . We assume that a set of heptanucleotides S ¼ fs 1 ; s 2 ; . . . ; s n g, where n is the number of heptanucleotides, arises from two mixture components: background and BPS. For convenience, we use 0 and 1 to represent the two components respectively. The probability of discovering s i can be written as follows:
where k 0 and k 1 are the probabilities that the background and BPS components are respectively responsible for generating S, and k 0 þ k 1 ¼ 1. The parameter h background is a vector consisting of the frequencies of four nucleotides (F b ) in the background region; and h BPS represents the PWM of the BPS motif. The PWM expresses the frequency with which nucleotide b appears at position j: f jb , where j ¼ 1; . . . ; L, and L is the length of the motif. F b expresses the frequency of nucleotide b: f 0b . The EM algorithm for finite MMs is used to find the parameters that maximize the likelihood of the data. For details, please refer to the following articles: (Aitkin and Rubin, 1985; Bailey and Elkan, 1995; Bailey et al., 1994) .
Initial value and training dataset
To construct the training dataset, we collected a set of human intron sequences longer than 300nt, and extracted three subsequences from upstream of the 3'SS in each sequence: 21-34 nt, 187-200 nt and 3-16 nt. The three sets of subsequences respectively correspond to the BPS region, background region and PPT region.
The so-called BPS and PPT regions only represent the sequence blocks where BPS and PPT often locate and do not always contain BPS or PPT. The reasons of selecting 14 bp include: (a) many branch point sites locate at the 22nd nucleotide of upstream of the 3SS, so the PPT region can only be defined behind the 21st nucleotide; (b) a space of four nucleotides is given to avoid the repulsion between U2 snRNP and U2AF6B; (c) the last two nucleotides of 3SS locate at the splice donor site. So we have the PPT region from 16 to 3 bp upstream of the 3SS of the introns. To keep consistent, we also pick 14 bp for BPS and background regions.
To enrich the possible BPS, we decomposed the subsequences in each set into heptanucleotides, and compared the frequency of each heptanucleotide across the three sets. Specifically, we performed the Fisher's exact test for each heptanucleotide between the BPS set and the background set, and between the BPS set and the PPT set. Only the heptanucleotides significantly enriched in both tests (P 0.05) were selected to form the training dataset.
An initial value for the EM is essential to discover the desired motif (Bailey et al., 1994) due to the highly irregular likelihood landscape in the high dimensional parameter space, especially for degenerative motifs, such as that of human BPS. Here, the energy motif of the BPS and the frequencies of four nucleotides (A,C,G,T) in the background region were used as the initial guess for the EM search.
Calculating the BPS score of a heptanucleotide based on the PWM of the BPS motif
For any heptanucleotide, the BPS score is:
where b i is the base in the i-th position of the heptanucleotide, and f ibi is the observed frequency of base b i in the i-th position of the BPS motif.
Generating the weighted octanucleotides
As shown by Stormo and Fields (1998) and Granek and Clarke (2005) , the relative frequency of the nucleotide at each position in one motif is related to the binding free energy. If we consider the octanucleotide as an unit, its relative frequency should correlate with the binding affinity of U2AF65. To avoid the situation that the count of one ocatanucleotide is very small in the PPT region, but the relative frequency is very high, we also consider the frequency of each ocatanucleotide in the PPT region. We decompose the sequences in the PPT region and background region into octanucleotides, and weight each octanucleotide by
where C ppt is the octanucleotide count in the PPT set, C background is the octanucleotide count in the background set, and w Ã ocat is the normalized weight.
Finding the AGEZ
Following Corvelo et al. (2010) and Gooding et al. (2006) , the region between the 3'SS and the first 'AG' dinucleotide whose distance to the 3'SS is longer than 12 nt is defined as the AGEZ in our method.
The BPP method
The BPP slides along the AGEZ. At each site, the first seven nucleotides are considered as a candidate BPS, which produces a score based on the motif of the BPS:
where b i is the base in the i-th position of the heptanucleotide, and f ibi is the observed frequency of base b i in the i-th position of the BPS motif. BPP estimates the contribution of U2AF6B by summarizing the weighted octanucleotides in the sequence of 20 bp immediately downstream from the candidate BPS:
We respectively normalize the two scores to range from 0 to 1:
Finally, the BPP score can be calculated:
Z-score calculation
We normalize the BPP score for each position by calculating the Z-score:
where s i is the BPP score of position i; l and r are respectively the mean and the standard deviation of the BPP scores of all positions in the AGEZ.
Results
BPP provides a sequence-based method for BPP
BPP is a method for BP prediction in pre-mRNA splicing. The prediction is based on the features of a BPS motif inferred from a MM, and a set of weighted octanucleotides representing the binding affinity between the U2AF65 and the PPT (see Fig. 1a ). Using the U2 snRNP sequence, we first infer an intermediate motif, termed the 'energy motif' to represent the free energy (see Section 2). Then, the BPS motif is derived by using an MM, which initializes from the energy motif and is trained on a set of BPS-enriched heptanucleotides. The influence of the PPT is quantified through a set of octanucleotides, weighted by the relative frequencies with which they occur in the PPT and the background regions. When using the trained model for prediction, a sliding window moves along an intron sequence to calculate the score of the BPS and the affinity between the downstream sequence and the U2AF65 at each site. Finally, the site with the highest score was selected as the predicted BP site (Fig. 1b , for details see Section 2).
The inferred energy motif of BPS is consistent with the experimental results
In this paper, the BPS region is defined as the 21st to the 34th nucleotides (nt) upstream of the 3 0 splice site (3 0 SS), where most branch points are located (Mackereth et al., 2011) . The PPT region is defined as the 3rd to the 16th nt upstream of the 3 0 SS. The background region is defined as the 187th to the 200th nt upstream of the 3 0 SS, because no general splicing element is reported in this region. Through their contrast with the BPS and PPT regions, the background regions provide statistical clues about the features of the true signal. Importantly, these defined regions are only used for model training, not for prediction. MM has been successfully used for motif discover in a set of DNA/RNA sequences (Bailey et al., 1994) . However, the human BPS motif is highly degenerate (Gao et al., 2008) and the fitting of the MM is very sensitive to the initial value. MM is therefore unable to predict the true BPS motif reliably if it is trained using only upstream sequences. Additionally, the co-occurrence of the PPT sequence and the BPS may interfere with the inference process (Corvelo et al., 2010) . To overcome these problems, we use a set of enriched heptanucleotides in the BPS region to train the MM, which starts from an inferred energy motif of the BPS.
The RNA-RNA base pairing between the GUAGUA motif in the U2 snRNP and the BPS is important in human pre-mRNA splicing (Wu and Manley, 1989; Zhuang and Weiner, 1989) . To supply the MM with an initial guess as close as possible to the real motif, we first infer an energy motif of the BPS based on the binding energy between 'GTATGA' in the U2 snRNP and all of the heptanucleotides. We name it energy motif to distinguish it from the motif derived from the MM. As the BP is not complementary to any nucleotide in the U2 snRNP, and experimental evidence has shown that the nucleotide Adenine (A) is strongly preferred even though Cytosine (C) and Thymine (T) can also function as the branch nucleotide (Hartmuth and Barta, 1988) , we set the relative frequencies of the four nucleotides as: A:0.97, C:0.01, G:0.01, T:0.01 (see Fig. 2a ).
This energy motif possesses some experimentally validated characteristics. For example, the fourth and seventh positions are mostly pyrimidines (Gao et al., 2008) , and the second and fifth positions are mostly purine (Pastuszak et al., 2011) . The heptanucleotide with the highest score (TACTA*C) based on the energy motif is completely complementary to the conserved motif (GTAGTA) in the U2 snRNP, which complies with the finding that TACTAAC is the most efficient BPS for mammalian mRNA splicing . The fact that the derived scores based on the inferred energy motif are highly correlated with the binding energy highlights the rationality of this inference ( Supplementary Fig. S1 ).
Customized MM successfully infers the degenerate BPS motif
The BPS motif inferred by MM is shown in Figure 2b . Compared with the above energy motif, this inferred BPS motif captures most characteristics of the human BPS: (i) the frequency of T at the fourth position reaches $98%, and pyrimidines frequently appear at the third and the seventh positions. This supports the experimental finding that the human branch point consensus sequence is nyUnAyn (Gao et al., 2008) ; (ii) the frequency of T at the 1st position declines, and the 1st and the 2nd positions carry little information; and (iii) in accordance with results from previous studies (Corvelo et al., 2010; Harris and Senapathy, 1990) , enriched purines and depleted T are preferentiably found at the fifth position. In contrast, the inferred motif was not successfully located when the MM was trained using an un-enriched dataset and a random start. The relative frequencies of the four nucleotides at the BP site did not affect the final inferred motif (see Supplementary Fig. S2 ).
The weighted octanucleotides show binding affinity to the U2AF65
Because the PPT-U2AF65 binding is essential for efficient BP utilization and 3'SS recognition in metazoans (Frendewey and Keller, 1985; Garc ıa-Blanco et al., 1989; Reed, 1989; Reed and Maniatis, 1985; Roscigno et al., 1993; Ruskin and Green, 1985; Wieringa et al., 1984) , the PPT also incorporates the binding affinity between the U2AF65 and the sequences downstream of the BPS.
In previous studies, the PPT score was calculated as the contribution of U2AF65 based on its pyrimidine content (Clark and Thanaraj, 2002; Corvelo et al., 2010) or by statistical tests (Schwartz et al., 2008) , and these scoring systems are universal across different species. Considering, however, that the PPT may have co-evolved with the U2AF65 RNA recognition motifs (Schwartz et al., 2008) , we deem it more reasonable to construct a species-specific PPT scoring system.
We use weighted octanucleotides to represent the U2AF65 binding affinity because either octanucleotides or nonanucleotides may be the basic binding elements of U2AF65 (Ito et al., 1999; Mackereth et al., 2011; Sickmier et al., 2006) . The weight score reflects the relative frequency of an octanucleotide in the PPT and in the background regions (Section 2), and therefore, a small fraction of octanucleotides (the long right tail in Supplementary Fig. S3 ) frequently occur at the PPT region ( Supplementary Fig. S2 ). This fraction includes octanucleotides known to be preferred by human U2AF65, including TTTTTTTT, TTTCTTTT, TTTTCTTT and others. The finding that higher scores correlate with a stronger affinity between the octanucleotide and the U2AF65 validates the effectiveness of our method.
Performance comparison between BPP and other methods
A performance comparison was conducted for BPP, SVM-BPfinder and HSF. Of these three methods, both BPP and SVM-BPfinder predict BPs in the AGEZ region (Gooding et al., 2006) of the introns. BPP starts from 4 bp upstream of 3 0 SS, and if the distance between the candidate BPS and the 3 0 SS is shorter than 9 bp, then BPP does not integrate the contribution of the PPT. In contrast, SVMBPfinder starts from 15 bp upstream of 3 0 SS. Based on the output of the online system, HSF predicts BPs in the region from 18 to 100 bp upstream of the 3 0 SS.
To comprehensively evaluate the three methods, a set of 86 introns with experimentally verified BPs (Ajiro and Zheng, 2015; Burrows et al., 1998; Chavanas et al., 1999; ; Corvelo et al., 2010; Darman et al., 2015; Goux-Pelletan et al., 1990; ; Gooding et al., 2006; Gao et al., 2008; Helfman and Ricci, 1989; Janssen et al., 2000; Li and Pritchard, 2000; Maslen et al., 1997; Mayer et al., 2000; Smith and Nadal-Ginard, 1989; Southby et al., 1999; Webb et al., 1996;  ) and a set of 47 294 introns with sequencing-verified BPs (Mercer et al., 2015) were collected and used for the comparison. The comparisons were conducted in the following three ways:
1. In their default settings, the methods predict the position with the highest score to be the BP. Based on the corresponding results, we compared the correctly predicted introns of each method. 2. A receiver operating characteristic (ROC) curve was built at the intron level for the three methods based on a testing set consisting of positive introns with known BPs (86 experimentally verified and 47 294 NGS verified BPs) and a set of randomly generated negative sequences. 3. A ROC curve was built at the position level for each method, taking the BP and non-BP positions in the introns as the positives and negatives respectively.
Comparison based on the default setting outputs of each method
For performance comparison, only real intron sequences were used as inputs and the positions with the highest score for each intron were selected. For HSF, only positions in the AGEZ were selected. Here, precision was defined as the number of introns with a correctly predicted BP divided by the total number of introns. Given the fact that the U2 snRNA can hybridize to the adenosines at either the fifth or the sixth position of the BPS and bulge out of the other (Query et al., 1994) , and that reverse transcriptase can stop within 1 nt of the branch point, (Rodriguez et al., 1984; Zeitlin and Efstratiadis, 1984) . The prediction was also considered correct if the predicted BP was À1 or 1 nt away from of the real BP position. We supplied both one nucleotide error tolerant and no error tolerant versions. For introns containing more than one BP, the prediction was marked correct if any one of the BPs was detected. Because SVM-BPfinder only finds BPS containing TNA, its prediction was considered false for introns that did not include any TNAcontaining BPS. For the 86 experimentally verified introns, the precision levels of BPP, SVM-BPfinder and HSF were 68.6, 61.6 and 30.2%, respectively (Fig. 3a, Supplementary Fig. S4a ). Even when only considering the introns with a TNA structure, BPP still outperformed SVMBPfinder: in these cases, BPP correctly predicted 77.6% of the BPs, compared with 59.7% for SVM-BPfinder and 34.2% for HSF. The full list of the 86 introns with the corresponding predictions by the three methods can be accessed in Supplementary Table S1 . Subsequently, we compared the three methods based on the 47 294 introns with NGS-verified BPs. Again, BPP outperformed the other methods ( Supplementary Fig. S5a and c) .
Comparison using the ROC curves at the intron level
To build the ROC curves, a set of sequences with the same lengths as the introns in the positive dataset was randomly generated as the negative dataset. For the experimentally verified BPs, the testing dataset consisted of 86 positives and 86 negatives; for the NGSverified BPs, the testing dataset consisted of 47 294 positives and 47 297 negatives. As described earlier, the prediction was considered correct if the predicted BP was located within À1 or 1 nt of the real BP position. The ROC curves under the general and TNA-only conditions are illustrated in Figure 3b (Supplementary Fig. S4b ) and Supplementary Figure S5b (Supplementary Fig. S5d ), and show that BPP again outperformed the other two methods.
Comparison using ROC curves at the position level
For this comparison, two ROCs were created for each method based on two different values: (i) the absolute score of each position and (ii) the ranking of each position based on its score relative to all of the others. The ranking values were used because for each position, the score was inferred independently, i.e. neglecting the competition of other positions, and because the scores across the introns might not be mutually compatible. The true-positive rate was unable to reach 1 because some of the real BP positions lay outside of the regions selected for prediction by the three methods. As shown in Supplementary Figure S4c and d, for all three methods, the evaluation methods by ranking performed better than the one by score, indicating the positions of the BPs were influenced by the competitive effects of other positions. Again, BPP gave the best performance and HSF outperformed SVM-BPfinder.
In general, BPP and SVM-BPfinder are recommended if the goal is to predict the most likely BP for each intron. However, if the goal is to predict multiple BPs in one intron, BPP and HSF should be preferred methods.
Genome-wide BP prediction in human
Using BPP, all of the introns in the human genome (N ¼ 281 787) were scanned for BPs (Supplementary Table S2 ). As shown in Figure  4a , 94.6% (N ¼ 266 707) of the predicted BPs were located within 0-50 upstream of the 3 0 SS, consistent with previous reports Fig. 3 . Performances of BPP, SVM-BPfinder (labelled by SVMBP in the figure) and HSF based on the experimentally verified BPs (1 nucleotide error tolerant). (a) Performances of the three methods using their default settings: GEN corresponds to the general cases (i.e. including all instrons) and TNA corresponds to specifically those introns with a TNA structure; (b) ROC curves of the three methods at the intron level; the suffix 'A' corresponds to the TNA cases (Corvelo et al., 2010; Mercer et al., 2015) , that most BPs are discovered at 23-25 nt upstream of the 3 0 SS.
The presence of distal BPs in the predictions prompted us to speculate on how they are selected in the splicing process. The distances of the BPs to the 3 0 SS were plotted against their relative BPP scores, i.e. the normalized Z scores across the BPP scores of all positions in the AGEZ (Fig. 4b top) . Interestingly, the Z scores of the distal BPs increased rapidly with the distance to the 3 0 SS at distances longer than $100 bp. However, the absolute BPP scores were still very low for most of the distal BPs (Fig. 4b bottom) . Hence this suggests that the distal BPs are selected due to the even much lower scores of the positions close to the 3 0 SS. Given the fact the absolute BPP scores reflect the physical affinity between the RNA sequence and the splicing proteins, it seems likely that most of the introns with distal BPs are partially spliced, which is consistent with the conclusion from paper (Bitton et al., 2014) . We further plotted the frequencies of the alternative ends of the introns under different BP distance to 3 0 SS (Supplementary Fig. S6 ). If the end of the intron can be found in all the transcripts, we define it as the constitute end, otherwise the alternative end. In accord with the Figure 4b , the frequencies of the alternative ends increase when the distal BPs are used. However it is surprising that we found a minimal value at 122 bp for the downstream alternative ends, which we cannot explain based on known knowledge. But it might be a good start to explore some specific biological functions in the RNA splicing process in the future. Searching the ClinVar (Landrum et al., 2014 ) database, we found that 42 BPs located in gene related to various human diseases, including hyperoxalurea type III, colorectal cancer, supratentorial primitive neuroectodermal tumours and Alzheimer's disease, among others (Supplementary Table S2 ). In future, it will be interesting to examine the possibility that the mutation of BPs might alter the mRNA splicing process and result in these diseases.
Discussion
With the development of high-throughput sequencing technology, it is now possible to identify thousands of human BPs in one experiment. However, due to experimental costs and low gene expression levels, only $20% of the total human introns have been validated by the sequencing approach. Computational methods for human BP prediction are complicated by the degeneracy of the motifs and the involvement of other auxiliary elements, such as the PPT. To overcome these limits, we proposed an algorithm (BPP) to predict the branch points of human introns based only on the sequence information. By using a set of experimentally verified BPs, we showed that BPP outperformed the other currently available programs. However, BPP still has some limitations. For example, the BPS motif inference and octanucleotide weighting process are conducted separately, which may hinder the accurate weight estimation of certain heptanucleotides or octanucleotides, and result in loss of information from other elements, because the BPS and the PPT co-exist in a contiguous sequence. In general, a framework combining these two processes into a unified function may further improve the predictive accuracy of BPP. In future work, we will refine the current MM to accommodate the combination of different elements.
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